In an effort to gain greater understanding of the maternal lineages of the Jeju native pig (JNP), we analyzed the mitochondrial DNA (mtDNA) CYTB gene and compared it with those of other pig breeds. PCR-RFLP analysis was conducted with six pig breeds including JNP, and then the RFLP patterns allowed for the separation of the pig breeds into two distinct haplotypes (mtCYTB1 and mtCYTB2). The JNP CYTB sequences were detected in both the European and Asian breed clusters on the phylogenetic tree. The J2 group was sorted with the indigenous cluster of Asian pig lineages and was related closely to Chinese native pig breeds, but a second group, J1, was sorted with the European pig lineages and appeared to be related to Spanish Iberian native pigs, rather than to Asian breeds. These results indicate that the JNP currently raised on Jeju Island have two major maternal origins estimated in Asian and European pigs. We concluded that the JNP that share a common lineage with indigenous Asian pigs were domesticated in the distant past, originating from pigs that were already being raised elsewhere at that time, and that the European pig breeds introduced in the twentieth century have also contributed to the formation of this pig population.
Introduction
Currently, extant pig species are grouped into wild boars, local native pigs, and domestic pigs, thereby suggesting that domestic pigs and local native pigs originated from independent domestication processes in Europe and Asia from ancestral wild boar stock. The domestication of pigs initially occurred in the Near East from local populations of wild boars approximately 5,000 to 9,000 years before the present (YBP). Because pigs migrated from region to region by land or sea with pre-historic or historic human populations after this initial domestication, the development of pig breeds was influenced by the introgression of genetic materials between European and Asian lineages [7, 9, 17, 25] .
As mtDNA is maternally inherited, and the rate of mtDNA evolution is more rapid than that of single-copy nuclear DNA, mtDNA polymorphisms have been analyzed to elucidate the phylogenetic relationships among species and to determine the breeding processes involved in domestication [2, 6, 26] . Giuffra et al. [7] explained the processes of domestication of wild boars and the introgression of domestic pigs using both mtDNA polymorphisms and nuclear gene sequences. In Asia, Yang et al. [28] evaluated the evolutionary relationship of Chinese pig breeds using nearly-complete mtDNA sequences, and proposed the existence of two clusters indigenous to Asia. Genetic studies of Korean pigs using microsatellite (MS) markers and amplified fragment length polymorphism (AFLP) analysis have shown that native pigs domesticated in the Korean Peninsula evidenced lower genetic diversity and were distinguishable from foreign pig breeds, and have also drawn a picture of a closer relationship between native Korean pigs and Chinese pigs than between the native Korean pigs and other pig breeds [13] [14] [15] . Kim et al. [12] utilized mtDNA D-loop sequences to verify the distinct genetic origins of the indigenous Asian pig group, and suggested that they originated from closely-related maternal ancestors. Recently our previous report described that the Korean native pigs had a shared mtDNA D-loop haplotype just with Chinese native pigs and wild boars but did not with other East Asian wild boars including Korean wild boars, and suggested that they would be introduced from China after domestication from Chinese wild boars [3] .
Pig domestication is estimated to have at least a 2,000-year history on the Korean Peninsula and on Jeju Island.
Moreover, several pig breeds (including Duroc, Landrace, Large White, and Berkshire pigs) have been either directly or indirectly introduced into Korea from other countries in the middle to late 20 th century [12] . Historical records and legends generally maintain that domestic pigs and wild boars existed in abundance and that pigs have been domesticated there for a very long time. However, the domestication process and the origin of present JNP remain to be clearly elucidated, and the phylogenetic relationship of JNP with other pig populations has yet to be definitively established. In an effort to shed light on these remaining questions, in this study we have assessed the sequences and haplotypes of the mtDNA CYTB gene.
Materials and Methods
Total DNA extraction and PCR amplification 
Cloning and sequencing
Purified DNA was inserted into a plasmid vector using a TOPO TM TA Cloning Kit (Invitrogen, Carlsbad, CA, USA).
Nucleotide sequencing was conducted using a DYEnamic ET-Dye Terminator Kit (GE Healthcare) and separated on a MegaBace1000 automated DNA sequencer (GE Healthcare). The nucleotide sequences acquired in this study have been submitted to the GenBank database (GenBank accession nos. AY830173-AY830188).
Phylogenetic analysis
In order to extrapolate the phylogenetic relationship of
JNPs from the CYTB gene sequences, we obtained 88 complete CYTB sequences from the GenBank database using a BLAST search of our sequences. However, we did not apply the sequences from the wild boar for the phylogenetic analysis, in order to prevent misunderstandings regarding the genetic source of JNP. We conducted multiple alignments of the sequences using CLUSTAL W software [24] . The identical sequence groups found from the similarity search were symbolized and listed in the footnote below Table 1 . After eliminating the identical sequences except for those from the JNPs, we have phylogenetically analyzed the 38 unique CYTB sequences with those from Sus barbatus (GenBank accession no. AJ314554) for out-group rooting. Phylogenetic analysis was conducted using NEIGHBOR in the PHYLIP program package [5] . The neighbor-joining (NJ) tree was constructed on the basis of pairwise genetic distances calculated via the two-parameter method [16] .
PCR-RFLP analysis
CYTB fragments were digested in independent reactions using the different restriction enzymes AluⅠ and HaeⅢ, respectively. Two-replicate PCR-RFLP tests for all samples were separated on polyacrylamide gel and visualized after EtBr-staining. For the RFLP patterns, digestion pattern A was defined as identical with the standard sequence of GenBank accession NC_000845 [18] . CYTB haplotypes were defined by combining the enzyme digestion patterns obtained from each individual. Number of nucleotide position was followed by the consensus sequence NC_000845.
Results and Discussion
In order to investigate the maternal origin of JNPs, complete sequences of mtDNA CYTB gene from JNPs and the other five pig breeds, Berkshire, Duroc, Hampshire, Landrace and Large White, were determined. Additionally, to scan the genetic diversity of each pig population, PCR-RFLP analysis was also conducted.
We noted no differences in the length of newly-determined CYTB gene sequences as compared with the previously reported sequences. From our PCR-RFLP analysis of the CYTB gene, two types of RFLP patterns were detected in the JNP population, using both restriction enzymes, AluⅠ and HaeⅢ, respectively (Fig. 1) . In other pig breeds, two restriction patterns were also detected, which with the exception of Landrace and Large White pigs, were similar to those from JNP (Table 2) . Combining the restriction patterns, two kinds of CYTB haplotypes, mtCYTB1 and mtCYTB2, were detected (Table 3) . Both haplotypes were found in the four pig breeds-Berkshire, Hampshire, Duroc, and JNP-how- AluⅠ-HaeⅢ
AlA-HaA AlB-HaB ever, the Large White pig ha the mtCYTB2 haplotype, and the Landrace pigs harbor the mtCYTB1 haplotype. In the JNP, the frequency of mtCYTB2 is more than two times that of mtCYTB1 (Table 3) . Nucleotide substitutions at fifty-one positions (13 transversions and 38 transition substitutions)
were informative in the construction of the phylogenetic tree.
The CYTB sequences of JNP are generally divided into two clusters, J1 and J2, corresponding to the haplotypes mtCYTB1 and mtCYTB2, in the NJ tree ( Fig. 2A) . When constructing the NJ tree with other pig breeds, the J1 and J2 sequences were also discriminated into two distinct clusters.
The clustering pattern of the CYTB sequences of various pig breeds, including JNP, was similar to those previously documented. The J2 sequences were observed in the Asian indigenous pig lineages, but the J1 sequences were observed in the European pig lineages (Fig. 2B) , showing results identical to those of PCR-RFLP. The presence of multiple mtDNA haplotypes and diverse clustering in the phylogenetic tree was suggestive of multiple maternal origins. In our previous report, mtDNA D-loop sequences were divided Korean native pigs into several haplotypes mainly clustered also into two major groups [3] , which is similar to the haplotyping result for CYTB gene used in this study. Thus we concluded that the PCR-RFLP approach is simpler and more beneficial method to determining maternal lineage of animal pop- ulation than other molecular methods such as DNA sequencing.
These facts were already reported in previous studies concerning mtDNA and nuclear gene phylogenies [1, 7, 8, 19, 28] , which suggest a maternal introgression between Asian pigs and Europe pigs, and crossbreeding among those. The introgression of Asian pig mtDNA haplotypes into Europe during the 18 th and 19 th centuries was proven at the molecular level using the mtDNA D-loop and the CYTB gene and nuclear genes, such as MC1R, TYR and GPIP [7, 10] . Reports on the domestication processes of local pig populations have also used the results of molecular studies. Alves et al. [1] previously reported that the Iberian native pigs (Spain) originated maternally from Spanish wild boars and European do- 
